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1. SUMMARY 

There is general agreement that assessment of risk in the marine environment needs to move 

toward an ecosystem approach to account for the single and cumulative impacts from 

multiple sectors that operate within the world’s oceans.  

Despite there being fewer marine activities than in terrestrial environments, marine systems 

are challenging to manage on an ecosystem basis as a result of their complexity, high 

degree of connectivity and difficulties associated with observing ocean processes, flora and 

fauna. These challenges can make it difficult for researchers to know how to make best-use 

of available scientific information to inform policy makers about options for ecosystem 

management. A broad range of scientific tools and approaches have emerged to attempt 

to meet these differing needs and together these challenges and choices have stymied 

decision makers. 

There is a clear need to develop a process that can assist governments and other decision 

makers to reduce the uncertainty around the risks of significant impacts in ecosystem based 

management. An important consideration in developing a framework for risk-based 

approach to ecosystem management is clarifying the terminology associated with the 

assessment, this is particularly important for facilitating collaboration between researchers 

and policy makers. 

We suggest that a productive way to approach this would be to use a hierarchical approach 

where a range of tools can be used to identify activities that have a high risk of significant 

impact. We use values (eg conservation, resource or community) that have been described 

through an expert process to identify the relevant subsystem for management. The first level 

builds a conceptual model of the relevant subsystem and identifies the pressures that act on 

that subsystem. The second level uses mathematical qualitative models to refine the 

understanding of the system and to reduce the uncertainty around the system structure. The 

final level uses quantitative and qualitative models to identify specific thresholds, 

management trigger points and scenarios. Each level reduces the uncertainty in decisions 

but increase the costs and time taken.  

The hierarchical framework proposed in this paper provides scientists and policy makers with 

guidance and a common lexicon for assessing cumulative risks and estimating impacts to 

marine ecosystems. The framework provides for a cost-effective and consistent approach to 

assessments, accommodating a broad range of marine environment assessment cases, 

leading to priorities for action. The approach acknowledges the importance of ecosystem 

models for estimating cumulative risks and provides a frame for understanding how they can 

be cost-effectively and consistently applied to estimate impacts and improve understanding. 
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2. INTRODUCTION 

There is general agreement that assessment of risk in the marine environment needs 

to move toward an ecosystem approach to account for the single and cumulative 

impacts from multiple sectors that operate within the world’s oceans.  It is clear that 

the number and breadth of human activities in oceans and coastal zones are 

increasing (Halpern et al. 2008, Halpern et al. 2009, Coll et al. 2012). There is a long 

history of assessing risk of impacts from single sources of disturbance and pressure (eg 

fisheries, shipping, and pollution) but understanding how to cost-effectively assess 

risks at ecosystem scales and across multiple sectors remains a substantial challenge 

that is shared by both scientists and policy makers.   

An ecosystem approach would need to confront the difficult convergence of 

conserving or managing multiple species/groups with multiple activities potentially 

impacting the ecosystem. The ecosystem approach has been variously described as 

including ecosystem based management, marine spatial planning and sector 

specific assessments – most notably ecosystem based fisheries management and the 

ecosystem approach to fisheries. A constructive step for determining a cost-effective 

ecosystem approach is establishing a framework to guide scientists and policy 

makers through a process to assess potential risks and efficiently getting to the point 

where priorities for action emerge (eg to avoid, mitigate or offset). At this point 

unacceptable risks are identified that require further investigation through more 

targeted and detailed ecological risk assessments. For the framework to have broad 

utility it needs to be specific enough to consistently guide the user through the issues 

and options that need to be considered to undertake a cost-effective assessment, 

but general enough that it can be applied to and accommodate the majority of 

cases or ecosystems. 

Despite there being fewer marine activities than in terrestrial environments, marine 

systems are challenging to manage on an ecosystem basis as a result of their 

complexity, high degree of connectivity and difficulties associated with observing 

ocean processes, flora and fauna. These challenges can make it difficult for 

researchers to know how to make best-use of available scientific information to 

inform policy makers about options for ecosystem management. A broad range of 

scientific tools and approaches have emerged to attempt to meet these differing 

needs and together these challenges and choices have stymied decision makers. 

One approach that shows promise is to first assess the major impacts on a particular 

asset or system, identifying the relative contributions of each impact on observed 

status, the synergies between impacts (ie the cumulative impact) and then 

identifying the leverage points where achievable intervention can have a larger 
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effect (sensu Bax et al 1999). This is an intentional step away from proposed all 

inclusive integrated management proposals. While attractive in theory such 

approaches have failed to get traction operationally. Consequently the form of 

pragmatic ecosystem management outlined here does not imply managing the 

entire complex system, rather managing individual activities across specified 

subsystems, while recognising the broader implications of these activities. 

An important consideration in developing a framework for risk-based approach to 

ecosystem management is clarifying the terminology associated with the 

assessment, this is particularly important for facilitating collaboration between 

researchers and policy makers. Risk and impact are variously defined and measured, 

and even within relatively restricted single sector domains there is no single agreed 

approach – taking fisheries as an example compare the discussions in Hilborn et al. 

(2001), Fletcher (2005), Astles et al. (2006), Scandol et al. (2009) Sharp et al. (2009) 

Hobday et al. (2011) and Sethi (2011). The different definitions and measures of risk 

sometimes reflect different lexicons, but more often reflect fundamental differences 

in method driven by facets such as the objectives and scope of the study and the 

availability of data. Moreover, pressure, impact, risk and threat are often confused so 

that it can be difficult to distinguish between these from a scientific or management 

perspective. Here, we use a clearly defined hierarchy of descriptions of human 

activity. Pressures are the actual activities that occur in the ocean. These are varied, 

from large scale (eg climate change) to small scale (ie sewerage outfalls and boat 

ramps). Impact is the change in the state of the variable or ecosystem value of 

interest as a result of the pressure and where there is more than one pressure 

impacting the cumulative impact can be calculated. Risk is defined as the likelihood 

of a significant impact on a value of concern and is largely synonymous with 

concept of a threat. 

There are a number of approaches to estimating cumulative risk and impact that 

deal with uncertainty and ecosystem function. The most common approach to 

calculating cumulative impacts to date has been through scoring methods. 

Typically, the mapped pressures are standardised (Halpern et al. 2009) and 

aggregated based on either the sum or weighted sum of the pressures. The weights 

can be calculated based on expert opinion or some form of prior analysis (eg Coll et 

al. 2012). When based on expert opinion there are a number of different approaches 

that can be applied that provide differing levels of rigour. However, processes that 

use expert opinion can contain bias in the level of risk placed on different outcomes 

(eg Garthwaite and O’Hagan 2000, Garthwaite et al. 2005, Kadane And Wolfson 

1998, Kynn 2008) and can be difficult to update because the expert process used to 

determine the risk is not repeatable, or at least will confound the effects of the new 
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information with changing composition of experts, changing opinions of continuing 

experts and other related developments. Updating expert derived risk is particularly 

problematic when cumulative impact is used within an EBM framework that includes 

a monitoring scheme created to track changes in the ecosystem. Expert derived risk 

is based on existing information and so by definition improved understanding of the 

structure and function of the observed system will lead to an improved 

understanding of the pathways through which each pressure acts and the 

relationship between pressure and impact which will lead to experts potentially 

shifting understanding in addition to the direct effect of the new information itself. 

Consequently a transparent and consistent means of estimating risk is required for 

this adaptive approach. 

Moving from expert based judgement to quantitative assessment requires a rapid 

rise in complexity and associated data needs.  More quantitative approaches rely 

on access to appropriate data and can take the form of statistical (eg Foster et al. 

2014) or numerical simulations (eg ecosystem models, Fulton et al. 2011), or borrow 

strengths from both expert and mathematical approaches (eg qualitative models, 

Dambacher et al. 2009, 2010). The challenge is to understand how and when all 

these different ideas and approaches can be used within an assessment framework. 

In moving towards improved understanding there remains the need to maintain 

flexibility and an adaptive approach while retaining realistic expectations on what 

science can deliver and what resources are available.  

An effective, flexible and resource appropriate approach to risk assessment can be 

found in Ecological Risk Assessment for the Effects of Fishing (ERAEF, Hobday et al. 

(2011)) and the FAO Ecosystem Approach to Fisheries (Fletcher and Bianchi 2014).  

The ERAEF approach was developed to provide a framework and set of tools to 

assess the ecological impacts of fishing on species (including target, bycatch and 

protected species), habitats and communities, and was an important step in a move 

within Australia toward Ecosystem Based Fisheries Management (EBFM, Smith et al. 

2007, Smith et al. 2008, Smith et al. 2014). It was incorporated into an adaptive 

management approach by the Australian Fisheries Management Authority, which 

they termed ecological risk management. The ERAEF approach allows for three 

hierarchical levels of increasingly quantitative analysis, with associated increases in 

data requirements and analytical costs. At each level, a risk assessment occurs that 

determines the level of risk of activities to assets, and activities with risk below a set 

threshold need not be assessed further.  This approach has been successfully used in 

managing non-target fisheries management issues for all Australian federally-

managed fisheries and some state fisheries, and a modified version was adopted by 

the Marine Stewardship Council (https://www.msc.org/). ERAEF tools to level 2 have 
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also been adopted for habitat impacts (Williams et al, 2011), but level 3 analyses are 

generally required to assess trophic and ecosystem-level impacts.  

In this paper we focus on the technical challenge of developing a framework for 

assessing cumulative risks to estimate the risk of impact to ecosystem components. 

We describe a hierarchical approach, similar to ERAEF, which can inform decision-

making for managing risk and improving ecosystem understanding. The approach 

recognises that while ecosystem modelling tools are an important part of estimating 

impact there are a broad selection of these tools and that each of these have  

strengths and weaknesses depending on the context in which they are applied. 

Importantly the framework provides researchers and policy makers with guidance for 

cost-effective and consistent approaches to estimating cumulative risk to marine 

ecosystems. 
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3. RATIONALE FOR A HIERARCHICAL APPROACH 

There are three key concerns that need to be addressed: (1) there are multiple 

pressures on the marine environment; (2) some or all of these will have the risk of 

impact on ecosystem values; and (3) it is uncertain which ones will have a high risk of 

impact, what the magnitude of that impact will be and what are the likely synergistic 

effects. We need a framework that allows rapid assessment and elimination of low 

risk pressures and a graduated response as risk increases, thus focusing assessment 

(and management) effort either where risks are greatest and/or where intervention 

can have most affect. Issues of knowledge, data availability, cost, and uncertainty 

all limit the application of many tools and approaches. It might be desirable to have 

a single tool that could always be used to decide on the optimal/most efficient 

management option, but the number of circumstances where this is possible is small, 

and policy makers often prefer a set of options that they can test against additional 

non-scientific criteria. A hierarchy of tools, moving from simple, rapid and low cost 

tools to progressively more complex and costly tools would support the prioritisation 

that managers will typically need to undertake. 

Fundamentally, the successful application of this approach is the identification of the 

relevant subsystem, based on desired values (eg conservation, sustainability, 

resource). The goal is not to try to account for all species and processes in an 

ecosystem, but rather to identify a relevant subsystem that captures the essential 

dynamics supporting the desired values of the system and is tailored to the 

management objectives (Dambacher et al. 2009, 2015). In our example the 

objective is sustainable management and the relevant subsystem is the ecological 

system encompassing the asset or value of concern, including the pressures that 

directly or indirectly affect them. This is similar to the “abstraction of ecosystems into 

sub-systems thought to be most influential to the management issues at hand” (Levin 

et al. 2009) that underlies the NOAA approach to EBFM. 

The assessment hierarchy we propose has three levels with a preliminary scoping 

step to identify values (Figure 1). The first level is an expert based assessment of the 

interaction between the values in the relevant subsystem and identified pressures. 

This first level of assessment is based on a general conceptual model of the system, 

while assessment levels two and three require an increased use of mathematical 

models that provide greater understanding, prediction and scope for management 

interventions (Levins 1966). The second level employs qualitative mathematical 

models that use the information from the first level to build a more robust 

understanding of the relevant subsystem. The third level combines the use of 

qualitative and quantitative models that require extensive data and resources. Each 
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of the previous levels provides the context and justification for further investigation of 

risk to ecosystems/values/assets (ie triggers for progression to the next level in the 

hierarchy). While the three levels of assessment are laid out as a three-stage 

progression in Figure 1, they are, in practice, intended to provide a progressive 

feedback between modelling, monitoring and management activities (Levins 1966). 
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4. LEVELS OF THE CUMULATIVE RISK ASSESSMENT 

HIERARCHY 

4.1 Enabling conditions 

An essential task of any EBM framework is the definition of scope: who are the 

stakeholders, what domain that is being considered and what are the active 

governance structures (Figure 1)? The level of inclusiveness that is adopted here can 

influence how the process moves forward and determine the objectives of the 

assessment. The step should include the identification of species and/or areas of 

particular importance or focus for the assessment. 

There is considerable experience in identifying the relevant species (eg ERAEF), but 

identifying areas of interest is less well developed.  A pragmatic approach is to 

identify areas that contain the well identified, ecologically coherent systems that 

contain features that could be both responsive to management (and impacted by 

activities) and perform an ecologically or biologically important function. This is also 

an acknowledgement that there are significant areas of the ocean that we do not 

have sufficient scientific information to manage based on evidence. We are 

choosing to focus on the areas where there is sufficient information to articulate the 

values for that area (ie to at least level 1 in our hierarchy). There are a number of 

ways that these areas can be identified – eg Key Ecological Features (KEF; 

Dambacher et al. 2012), Biologically Important Areas (BIA), Ecologically or 

Biologically Significant Marine Areas (EBSA; CBD (2008)),  and other approaches 

listed in table 1. However the unifying attribute is the identification of ecological 

features that are valued for their productivity or biological diversity and a subset of 

the ecosystem within that area that supports those ecological features within a 

spatially defined area. For KEFs, these elements are described as the relevant 

subsystem, which is a description that applies equally well to EBSA, KBA and all the 

other area-based descriptions, as well as attributes described as values.     

The information sources that can be used to identify productivity and biodiversity 

values are diverse and will depend on the regional, national and local capacity. An 

important component of understanding the values will frequently be the knowledge 

held as traditional/local knowledge by communities and the processes described 

here could equally be applied to community-level management efforts (eg 

Community Based Fisheries Management; CBFM, SPC 2010). In areas with more 

scientific capacity, existing and future research surveys will provide significant 
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sources of information for the identification of biodiversity values. As this is an 

adaptive approach, identifying the biodiversity values to be considered should be 

based on best available scientific information.  
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Table 1: Examples of Biodiversity Values 

Name Description URL 

Key Ecological 
Features & Biologically 
Important Areas 

Key ecological features (KEFs) are elements of the Commonwealth marine 
environment in the marine regions that, based on current scientific understanding, 
are considered to be of regional importance for either the region's biodiversity or 
ecosystem function and integrity. 

Biologically important areas are areas where a protected species displays a 
biologically important behaviour such as breeding, foraging, resting and migration 

http://www.environment.gov.au/ma
rine/marine-bioregional-plans 

Ecologically or 
Biologically Significant 
Areas 

Scientific criteria for identifying ecologically or biologically significant marine areas 
in need of protection in open-ocean waters and deep-sea habitats. 

http://www.cbd.int/ebsa/ 

Canadian EBSA An area that has particularly high Ecological or Biological Significance, to facilitate 
provision of a greater-than-usual degree of risk aversion in management of 
activities in such areas. 

http://www.dfo-
mpo.gc.ca/csas/Csas/status/2004/ES
R2004_006_E.pdf 

Victorian Marine Asset Significant marine environmental assets which have been identified on the basis of 
their environmental value (at statewide, bioregional or local significance scale) for 
marine biodiversity and/or marine ecological processes 

http://services.land.vic.gov.au/Spati
alDatamart/dataSearchViewMetadat
a.html?anzlicId=ANZVI0803004772&
extractionProviderId=1 

Environmental values 
in Norwegian marine 
areas 

A marine area has high environmental value when it is important for preserving the 
diversity, productivity and special functions of the ecosystem, such as spawning or 
nesting areas. 

http://havmiljo.no/, Ottersen et al. 
2011 

http://havmiljo.no/
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Name Description URL 

Key Biodiversity Areas Key biodiversity areas are places of international importance for the conservation 
of biodiversity through protected areas and other governance mechanisms. They 
are identified nationally using simple, standard criteria, based on their importance 
in maintaining species populations. 

 
https://www.iucn.org/about/union/s
ecretariat/offices/iucnmed/iucn_me
d_programme/species/key_biodivers
ity_areas/ 

IBA The 12,000 IBAs represent the largest global network of important sites for 
biodiversity. They are identified using internationally agreed criteria applied by 
local experts 

http://www.birdlife.org/worldwide/
programmes/important-bird-and-
biodiversity-areas-ibas 

PSSA A Particularly Sensitive Sea Area (PSSA) is an area that needs special protection 
through action by IMO because of its significance for recognized ecological or socio-
economic or scientific reasons and which may be vulnerable to damage by 
international maritime activities. 

http://www.imo.org/OurWork/Envir
onment/PSSAs/Pages/Default.aspx 
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4.2 Level 1: Identification of hypotheses about interactions 

between pressures and values 

4.2.1 Description of Process 

Once a process of identifying the spatially bounded values has been completed, a 

process of identifying and describing the pressures that may act on the ecosystem 

values should be undertaken (Figure 1). This allows for the articulation of perceived 

interactions between the pressures and values, enabling the description of 

conceptual models of the relevant subsystem. Conceptual models play an 

important role in organising understanding and communicating the links between 

different components in the system. They formalise what may otherwise remain in an 

individual expert’s head and provide a shared level of understanding by all parties.  

The level one approach identifies insights and hypotheses about where and when 

pressures are affecting the relevant subsystem. For example in the document 

supporting Australia’s marine bioregional plans: 

“If a conservation value is, or is likely to be, affected detrimentally by multiple 

pressures, and at least one of the pressures has been assessed as of concern, it 

is considered to be a regional priority. Other key considerations in determining 

pressure-based regional priorities included issues of scale, legislative 

responsibility, conservation status, effectiveness of existing management 

arrangements, and level of uncertainty about distribution, abundance and 

status of conservation values and the pressures acting on them.”  

(DSEWPaC 2012) 

4.2.2 Tools used 

There are a number of tools and approaches, remembering that the expectation 

around a level 1 analysis is that it is a simple and rapid filtering of risks, it does not 

need to be particularly quantitative or quantitatively complex. The simplest means of 

analysis is the direct examination of the interaction of the ecosystem values 

identified in the relevant subsystem and the pressures thought to interact with that 

subsystem, allowing a conceptual model of the relevant subsystem to be 

constructed. There are two key components to this. First, the pressures that occur 

within the area need to be identified and assessed to see if there is possible 

interaction between the pressures and the area identified within the relevant 

subsystem. If there is no possible spatial overlap and if the pressures could not 

reasonably be expected to interact with the values of interest then the pressure 
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should be considered a low risk with no further consideration required. Second, 

expert elicitation can be used to identify and rank the potential risk of impact from 

pressures on the values in each relevant subsystem. The elicitation can be either 

structured or unstructured. Structured elicitation is preferred (as it confers some 

degree of consistency), but it is not always possible and so unstructured elicitation 

should not be ruled out if alternatives are not available. 

Unstructured elicitation may involve a consensus process where a group of experts 

identify the potential interactions between pressures and values on a scale of 

consequence (eg pressures are "of concern", "of potential concern", "of less 

concern", "not of concern", "data deficient or not assessed").This type of approach 

has been used in many fora (eg Marine Bioregional Plans (DSEWPaC 2012), 

Community Ecosystem Approach to Fisheries Management (SPC 2010)). While this 

provides a quick simple answer it does not allow for ranking the pressures and it limits 

the ability to compare between different areas. It also makes it difficult to prioritise in 

a consistent manner, particularly across different relevant subsystems. In contrast, a 

structured process of expert elicitation allows for the relative ranking of the 

interactions between pressures and values (eg Garthwaite and O’Hagan 2000, 

Garthwaite et al. 2005, Kadane and Wolfson 1998, Kynn 2008).  It also allows for the 

scoring of the interactions relative to each other and provides a quantitative 

estimate of the experts’ understanding of the relative impacts on the values 

identified in the areas of interest. A relative ranking will identify the risk of different 

pressures relative to the pressures within the same relevant subsystem.  
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Figure 1: Proposed framework for hierarchical ecosystem risk assessment 
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4.2.3 Transition to level 2 

Before transitioning to a higher level of analysis it may be appropriate to consider 

whether sufficient information is already available to manage the pressures and 

monitor the success of this management. If all the risks are identified as low then 

progression may not be necessary. Alternatively, it may be decided that there is no 

acceptable level of risk for values identified in the relevant subsystem and the 

pressure would be managed to remove its impact over part of or all of the relevant 

subsystem, in which case progression is again unnecessary as a decision can already 

be made (Figure 1). 

If the pressure cannot be removed from all or part of the relevant subsystem and the 

assessment has identified the pressure is a concern (ie greater than a predefined 

threshold) then there are two options. Either the pressures of concern can be 

managed based on the information made available through level 1 (ie avoidance, 

mitigation, offset and adaptive management measures) or it might be appropriate 

to transition to a higher level of analysis (ie level 2) that would increase the 

understanding of the risk posed on the relevant subsystem and improve the 

identification of the scale or type of management intervention that could be used to 

minimise or remove the pressure at an acceptable cost to society. However, this 

desire for more information must be weighed against the cost of the increased 

information requirements and increased duration to complete assessments at higher 

levels. 
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Table 2: Examples of Level 1 

Example of Level 1  Description Reference 

Marine Bioregional 
Plans 

Marine bioregional plans have been developed for four of Australia's marine regions - 
South-west, North-west, North and Temperate East. Marine Bioregional Plans will 
help improve the way decisions are made under the Environment Protection and 
Biodiversity Conservation Act 1999 (EPBC Act), particularly in relation to the 
protection of marine biodiversity and the sustainable use of our oceans and their 
resources by our marine-based industries 

http://www.environment.gov.au/ma
rine/marine-bioregional-plans 

Assessment of 
anthropogenic threats 
to marine protected 
areas in Victoria 

A preliminary threat assessment approach for marine assets in Victoria was 
developed in 2011-12by the then Department of Sustainability and Environment 
(DSE) , in collaboration with the CSIRO and the then Department of Primary 
Industries (DPI), based on Australian Standard risk assessment guidelines. This 
approach is hierarchical, and builds on the ecological risk assessment approach that 
has been successfully applied to of Australia’s federally managed fisheries 

http://www.veac.vic.gov.au/docume
nts/Jenkins%202013%20Threat%20a
ssessment%20method.pdf 

AFMA ERAEF Level 1 The risk assessments are applied hierarchically and are an efficient means of 
screening out low-risk activities and focusing increasing attention on those activities 
assessed as having a greater environmental impact on Australia’s fisheries. 

http://www.afma.gov.au/managing-
our-fisheries/environment-and-
sustainability/ecological-risk-
management/ 

FAO EAF Level 1 Identify all relevant assets and issues for the fishery across each of the EAF 
components (ecological wellbeing, human wellbeing and ability to achieve) 

http://www.fao.org/fishery/eaf-
net/topic/166253 
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4.3 Level 2:  Qualitative mathematical models of ecosystem 

impact and risk 

4.3.1 Description of Process 

A more complex understanding of the dynamics and structure of the relevant 

subsystem within an ecosystem and its components can be developed using 

qualitative mathematical models (Figure 1). With increased understanding of the 

biodiversity values and ecosystem components, it is possible to construct ecosystem 

models that allow for a more informed, albeit qualitative, estimate of the cumulative 

impacts of pressures on ecosystem values (eg Dambacher et al. 2009, Dambacher 

et al. 2010, Hosack and Dambacher 2012, Anthony et al 2013). A semi-quantitative 

process is also used within level 2 analysis of ERAEF (Hobday et al. 2011). The ERAEF 

uses a semi-quantitative productivity susceptibility analysis (PSA), scoring fisheries on 

the productivity of species and the susceptibility of each species to the types of 

fisheries gear used. Both approaches take elements of the information gathered as 

part of level 1 and incorporate them into a more quantitative information rich 

framework.  

4.3.2 Tools used 

Qualitative mathematical models identify the nodes/ecosystem variables within the 

relevant subsystem and how those nodes are connected to each other (Levins 1974, 

Puccia and Levins 1985). This approach uses much of the information collected 

during scoping and level 1, but applies additional analysis to improve understanding 

of the relevant subsystem. It requires an understanding of how the values identified in 

the area linked to each other and to other nodes in the ecosystem (ie how the 

component parts of the relevant subsystem relate to each other) and the points 

where pressures interact with either the values or other ecosystem components. The 

links between the nodes in the qualitative model are given a score of + (positive 

effect), 0 (no interaction) or - (negative effect), but there is no attempt to quantify 

the strength of these interactions. This gives these models significant flexibility and 

allows multiple representations of the structure of the relevant subsystem to be 

created and compared, but does not provide information on the strength of the 

interactions. Thus, the influence of one node on another, irrespective of how many 

other links and nodes exist between them can only be qualitatively specified+, 0, - or 

unknown (indicated by visual representations of the model) Importantly, these 

models can capture indirect effects and causal chains (eg trophic cascades are a 

well-known example where suppression of a predator at a high level can also 
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reduce prey two levels below because the abundance of the intermediate 

consumer increases) 

The strength of the qualitative modelling approach is that the models can formally 

capture information about the structure of the relevant subsystem, particularly for 

components and that are difficult to measure, and can draw information from 

knowledge bases that are hard to access quantitatively (eg social or cultural 

knowledge). Because they are derived from our current understanding of the system 

they can be developed, analysed and updated rapidly as new information 

becomes available. The dynamics of the system can be understood and predicted 

through examining the system’s qualitative structure and feedback properties. In this 

way the level two approach provides qualitative predictions about how cumulative 

risk and impact are likely to affect the specific components of relevant subsystems 

and which components would need to be monitored to unambiguously detect and 

attribute impacts to the different pressures.  

4.3.3 Transition to level 3 

The need to transition from level 2 to 3 can be assessed based on similar conditions 

to the transition from 1 to 2. If pressures can be removed or managed based on 

information obtained at level 2 then progression to level 3 is unnecessary.  If the 

pressure cannot be removed, reduced or restricted from the relevant subsystem and 

the assessment identifies pressures that are of concern (ie cause negative or 

uncertain outcomes for the system values of interest) then there are two options. 

Either the pressures of concern can be managed based on the information made 

available through level 2 or a transition to a higher level of analysis (ie level 3) may 

be appropriate, as that would increase the understanding of the risk posed on the 

relevant subsystem.  This decision must be made with the clear understanding that a 

transition to level 3, a fully quantitative analysis, implies significantly more expense 

and complexity. 
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Table 3: Examples of Level 2 

Examples of Level 2 Description  Reference 

Ecological Indicators 
for Australia’s 
Exclusive Economic 
Zone 

Ecological indicators reduce the complexity of real-world systems to a small set of 
key characteristics that are useful for management and communication purposes. 

Hayes et al. 2012 

 

ERAEF PSA Analysis Ecological risk assessment for the effects of fishing, Hobday et al. 2011 

Northern Prawn 
Fishery 

Qualitative mathematical models to support ecosystem-based management of 
Australia's Northern Prawn Fishery 

Dambacher et al. 2015 

Qualitative modelling 
in the Great Barrier 
Reef 

A Framework for Understanding Cumulative Impacts, Supporting Environmental 
Decisions and Informing Resilience-Based Management of the Great Barrier Reef 
World Heritage Area 

Anthony et al. 2013 
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4.4 Level 3: Quantitative analysis of Ecosystem Impact and Risk. 

4.4.1 Description of Process 

In some of situations a more quantitative understanding of the risk of different 

pressures will be needed to decide on thresholds and trigger points for actions, or 

provide managers with an increased knowledge of how to choose between 

potential future scenarios. This will be particularly relevant when previous levels have 

indicated that activities may be high risk and there is insufficient information to 

mitigate pressures as a result of the assessments at previous levels (Figure 1). This is the 

only level where a fully quantitative analysis is undertaken and where information 

from all levels should be integrated and used. 

There are a significant number of analytical options that exist to address ecosystem 

level analyses and the challenge is choosing the approach that meets the 

objectives of the assessment and the time and budget constraints. The first constraint 

for this approach is the availability of data or the ability to obtain additional data. 

Numerical data is expensive both in terms of cost and time to analyse and if there is 

existing data that can be used to address the objectives of the assessment then it is 

possible to shorten this aspect of the process. Alternatively, additional information 

may be obtained through a monitoring program (Hayes et al. 2015) or scientific 

surveys that explore the response of the system with adaptive management. The 

implementation of a monitoring program would be a reasonable response to the 

absence of data, using information obtained in levels 1 and 2. The program would 

need to clearly identify how the additional information would be used to update 

management options, appropriate trigger points and a process for updating the 

analysis of the monitoring data (Hayes et al. 2015). 

4.4.2 Tools used 

Here we are guided by a strategy of model building that recognizes a practical 

trade-off between realism, generality and precision when building and analysing 

models of complex systems (Levins 1966, 1998). To obtain a manageable and useful 

model, one typically sacrifices one attribute for the other two. Qualitative process 

models emphasize generality and realism, but lack precision, while quantitative 

process models can be both precise and realistic but are not generalisable (ie 

application of model to changed circumstance requires re-parameterization). A 

third approach is through statistical models, which emphasize precision and 

generality. Here there are precise insights into the general pattern of correlations 

among variables, but at the cost of causal understanding of the processes involved. 
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In practice, a robust strategy considers all three modelling approaches, such that 

models are mutually informative and build upon the strengths and insights that each 

approach provides. 

These models contain only the sign (+, –, 0) of species interactions, and not their 

precise magnitude or strength. In this approach, one sacrifices precision in a model 

for generality and realism (Levins 1966). Qualitative mathematical models can 

incorporate components and processes of an ecosystem that are important yet 

difficult to measure, and can be constructed and analysed relatively rapidly, thus 

allowing for comparison of alternative models based on different understandings or 

beliefs about how the system works. The principal goal of this approach is to 

understand how the structure of a system (ie the variables and the signs of their 

connecting links) affects its dynamics. This is achieved through analysis of a system’s 

feedback properties in predicting how it will respond to a perturbation. 

Statistical models emphasise generality and precision, they are more easily tested 

and will provide thresholds with estimates of uncertainty. These are critical to setting 

quantitative thresholds and trigger points and providing the analysis needed to 

refine ecosystem level analyses. However, they have difficulty in describing the 

complexity of ecosystems, and more particularly, cannot address questions of 

causation. Statistical models have been used to address questions around single 

sector activities and outcomes – such as fisheries impacts (eg Trenkel and Rochet 

2010, Rochet et al. 2010, Foster et al. 2014) and acoustic impacts (Pine et al. 2014). 

They are most useful when there is a direct measure of the value of interest and 

monitoring data can be collected quickly and cheaply and the response of the 

system to the pressures is sufficient to clearly detect the signal of change.  

In contrast, numerical simulation models are able to capture a significant amount of 

ecological complexity of the systems and can also incorporate the dynamics of 

human activities, they are, however, less easily tested and may require significantly 

more data. Initially these models were focused primarily on fisheries and their trophic 

interactions with other biological elements of marine ecosystems, though some of 

the more sophisticated represented the gross pressure of other activities (such as 

coastal development and catchment based nutrient flows) as background to the 

fisheries work (Fulton 2011, Fulton et al 2014). A diversity of approaches have been 

applied, from multispecies models with environmental and social drivers to full end-

to-end (or whole of system) ecosystem models that include the physical 

environment, habitats, food webs and all the human uses (Little et al 2006, Fulton et 

al 2011, Plagányi et al, 2011, 2014). Simulation models require significant amounts of 

data, for all parts of the model, to support the specification of parameters and to 
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support assumptions about the functional forms of ecological relationships. They 

have an advantage that they can portray the ecosystem in a way that resonates 

with stakeholders. This in itself can lead to an improved and shared understanding 

that can remove disagreements on potential management actions. However, while 

representation of the uncertainty around simulation model results is improving, unless 

large scale ensemble-modelling approaches are used, it is still difficult to determine 

the confidence in the models in terms of structural and parametric uncertainty. 

Moreover, simulation models can be good at describing the current state of the 

ecosystem, but may have limited skill in distinguishing the relative probability of future 

states. One approach showing significant potential is the ‘minimum realistic’ or 

intermediate complexity approach (MICE, Plagányi et al 2014). By focusing only on 

the relevant subsystem proven model fitting methods can be used and skill 

assessments can be undertaken, providing greater confidence in model results for 

some loss of generality. 
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Table 4: Examples of Level 3 

Examples of Level 3 Description  Reference 

Sustainability and 
impacts of fisheries.  

Statistical models are used to address changes in species abundances and stock 
levels, at either single or multispecies levels. These models provide strong tactical 
advice on management over short to moderate time frames but only weakly capture 
ecosystem level properties. 

Foster et al. (2014), Trenkel and 
Rochet (2010), Rochet et al. (2010) 

Ecosystem modelling 
of alternative 
management options 
of Australia’s Southern 
and Eastern Scalefish 
and Shark Fishery 

The Atlantis modelling framework has been used in southeastern Australia to look at 
alternative management options for the major fisheries there. The first round of 
simulations provided informed a management restructure for the region in 2005 
and more recent studies have identified how cumulative pressures from climate 
change, coastal development and multiple sector activities in the region could 
undermine future system state under a range of management strategies. 

Fulton et al. 2014, Fulton and 
Gorton 2014 

Models of 
Intermediate 
Complexity for 
Ecosystem 
assessments’ (MICE)  

MICE models combine an understanding of a limited subset of an ecosystem with 
statistical approaches to model fitting. The models have a tactical focus and attempt 
to capture stakeholders understanding of how the system operates. 

Plagányi et al. (2014) 
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Figure 2: A simplified framework for adaptive management. Within this loop the key 
points for the insertion of scientific knowledge is in assessment and monitoring 
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5. DISCUSSION 

A structured process for risk assessment is a key component of any adaptive EBM 

cycle (Figure 2). The different definitions and measures of risk sometimes reflect 

different lexicons but more often reflect fundamental methodological differences 

driven by facets such as the objectives and scope of the study, and the availability 

of data. When there are impacts from a single sector or on a single species, with no 

secondary impacts (ie by-catch, a key predator or biogenic habitat), it will be not 

always be necessary to consider the full ecosystem. However, where there are 

multiple sectors, impacting multiple species, then an EBM risk based approach is 

appropriate. A hierarchical structured risk assessment has previously been primarily 

used within fisheries domains (eg Hobday et al. 2011, Fletcher and Bianchiia 2014, 

Levin et al. 2009), but should be equally applicable to other management issues 

within the marine domain. The flexibility provided by such an approach means that 

the risk assessment process can take many forms, depending on the issues being 

considered risk  

Any risk assessment process should sit within a broader framework of adaptive EBM 

(eg Anthony et al. 2013, Fletcher and Bianchi 2014). The two key points for the 

insertion of science into an adaptive EBM cycle are into risk assessments and into 

monitoring of ecosystem responses to management. As illustrated in this paper, 

scientific input into risk assessment is critical to the effective functioning of an 

adaptive EBM cycle (figure 2). Within the risk assessment phase the steps identified in 

this paper can be carried out to effectively inject current or new scientific 

understanding into the decision process to support or reduce ambiguity around 

decisions and manage expectations around how and when additional science is 

needed for more complex decisions. In the same way, there are multiple steps within 

the monitoring phase of the EBM cycle (Hayes et al. 2015). When the monitoring and 

assessment phases are linked through the management phase, with the 

identification of appropriate objectives and triggers, the adaptive EBM cycle can be 

completed.  

The hierarchical framework proposed in this paper provides scientists and policy 

makers with guidance and a common lexicon for assessing cumulative risks and 

estimating impacts to marine ecosystems. The framework provides for a cost-

effective and consistent approach to assessments, accommodating a broad range 

of marine environment assessment cases, leading to priorities for action. The 

approach acknowledges the importance of ecosystem models for estimating 

cumulative risks and provides a frame for understanding how they can be cost-

effectively and consistently applied to estimate impacts and improve 

understanding.  
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